In situ and hyperspectral MIVIS (Multispectral Infrared and Visible Imaging Spectrometer) 
INTRODUCTION
Aquatic macrophytes play a crucial role in lentic ecosystems: the functional status of the littoral zones of lakes basically depends on the presence and spread of aquatic plants (i.e., vascular plants, bryophytes, stoneworts, and macro-algae) which actively contribute to regulating the nutrient cycle and maintaining the aquatic trophic chain (Scheffer, and Carpenter 2003; Scheffer, and Jeppesen 2007; Gacia et al. 2009 ). However, aquatic plant assemblages are highly vulnerable to anthropogenic perturbations and to other disturbance processes (i.e., watershed pollution, mechanical dredging, water abstraction, or alien species invasions) which frequently lead to the complete disappearance of submerged plant mats (Scheffer et al. 1993; Smart et al. 2002) .
Within the context of macrophyte monitoring programs, technical advances in remote sensing with higher spatial and spectral resolutions provide opportunities for cost-effective qualitative and quantitative analyses of macrophytes with a synoptic view over large meadows, and for ecological investigations. Conversely, aquatic plants and their properties are not as easily detectable as terrestrial vegetation. Vis et al. (2003) , however, demonstrated that remote sensing techniques are useful for investigating the shifts in the assemblages of primary producers by monitoring the distribution of aquatic macrophytes and changes in the layout of aquatic plant communities. As pointed out by a review of extant literature, major technical difficulties are met when vegetation is submerged or flooded; in fact the presence of water can alter the spectral characteristics of the images (an exhaustive discussion is presented in Silva et al. 2008) .
Most remote sensing technologies and processing techniques have been developed and used to assess the structural, functional, ecological, etc. properties of macrophytes; on the other hand, the application of these different technologies and methodologies is limited by the complexity of the ecosystem (i.e., morphology, hydrodynamics, ecology ; Orth, and Moore 1983; Duarte 1987) . With adequate repeatability, airborne and satellite sensor data can be used for multi-temporal studies and they provide reliable information for understanding the ecological dynamics of macrophytes, through the analysis of intra-and inter-seasonal patterns or spatial landscape trends or changes (Fonseca et al. 2002) . Furthermore, some biophysical and physiological vegetation features (i.e., biomass, cover percentages, structural stand complexity and composition and the physiological status of vegetation) can be detected and estimated from specific spectral properties of reflectance spectra (Fyfe 2003; and references therein) . In addition, these parameters enable us to assess the environmental status and the biodiversity of the meadows studied, and also use them as input data for ecosystem models (e.g., for determining the habitat for organisms that depend on seagrass) (Bell et al. 2006; Duffy et al. 2006; Gillanders 2006 Jaeger et al. 2004; Schaumburg et al. 2007; Oggioni et al. 2011 ) require great efforts to detect the actual presence of macrophyte areas, and such efforts become prohibitive in large, deep lakes. Developing effective approaches to mapping macrophyte properties would provide baseline data sets for such applications. Many studies have therefore attempted to identify optimal approaches to image processing for a comprehensive analysis of macrophyte ecology (Jakubauskas et al. 2000; Buchan, and Padilla 2000; Ozesmi, and Bauer 2002; Heblinski et al. 2010) . The reliability of an integrated remote sensing data and field survey method for mapping macrophyte properties and for assessing the biodiversity of aquatic plant environments is evaluated in Phinn et al. (2008) . In this case, the properties mapped (i.e., the composition, percentage cover and biomass of seagrass species) were obtained by means of different sensors. The greater degree of accuracy was achieved from hyperspectral airborne image data: multispectral sensors often used previously were unable to discriminate macrophyte species and to differentiate low levels of cover. Barillé et al. (2010) , on the other hand, built spatial macrophyte distribution maps for the French coast over a 14-year period with multispectral imagery, analyzing the extent of macrophyte mats and changes in abundance with respect to local anthropogenic drivers and coastal land use. They proposed a quantitative relationship between the Normalized Difference Vegetation Index (NDVI) and the dry weight of leaves in order to obtain a biomass distribution map. Lastly, Hunter et al. (2010) classified macrophyte growth habits and discriminated submerged species in clear-water shallow lakes with airborne hyperspectral data. The lakes studied are situated in a large British protected wetland and the study provides an evaluation of the potential use of remote sensing data in support of ecological and conservation waterbody assessment status.
The experimental evidence discussed here (collected within the context of medium-and large-scale ecological and conservation programs) suggested that established regional-scale macrophyte habitat mapping could provide an adequate baseline for further large-scale management programs and research actions (Wabnitz et al. 2008 ). On a global scale, for example, Dierssen et al. (2010) used ocean color remote sensing techniques for determining the role of macrophytes in the global carbon cycle by mapping abundance and distribution of different types of benthic habitats and their changes. Their main result was to have found a logarithmic relationship between net primary productivity and green seafloor reflectance which describes the general trend across various benthic constituents. In the light of these remarks was started a long term research program with the aim to monitor the macrophyte beds evolution in the lake Garda, the biggest Italian internal basin. In this paper, we will examine in detail the: i) the variations in the representativeness of macrophyte communities (in terms of area colonized) in Italy's largest lake from hyperspectral airborne data acquired during the summers of 1997, 2005 and 2010, ii) the biomass patterns in relation to the main physical features and management strategies of the water basin, iii) the lake's trophic tendencies.
MATERIALS AND METHODS

Study site
Lake Garda is one of several subalpine lakes and is the largest freshwater basin in Italy. It is characterized by great depths (360 m) and large volumes (49 km 3 ). Lake Garda contains 30% of Italy's whole natural and artificial lake water resources (Salmaso, and Mosello 2010) . Lake Garda belongs to a distinct typology of Italian subalpine lakes located on the southern edge of the Alps, with a surface of 368 km2. The Garda basin (mean altitude=65 m a.s.l.) occupies a deep fluvial valley originated during the superior Miocene (5-6 million years BP) modified during the successive Quaternary glaciations (Salmaso et al. 2009 , and citations herein). The catchment of Lake Garda is relatively small in relation to the lake area (6:1) and is mainly composed of sedimentary rocks (60%), while both crystalline rocks and secondarily deposited glacial and fluvial sediments both account for 20% (Sauro 2001) .
The theoretical retention time of Lake Garda is 26.6 years and the lake is classified as warm monomictic and oligomictic, since water mixing occurs once in late winterearly spring and usually only involves the upper 150-200 m of the water column. Complete water circulation occurs at irregular intervals in connection with exception-ally cold winters (Salmaso et al. 2009 ). According to recent limnological investigations, the Lake Garda basin presents a stable trend in an oligo-mesotrophic condition (Salmaso, and Mosello 2010) .
Lake Garda is also an essential renewable resource for the surrounding environment, the most densely populated and industrialized in Italy, due to the multiple uses of its waters (human consumption, irrigation, energy, transportation, recreational purposes).
In particular, the Sirmione Peninsula, located at the southern end of the lake (Fig. 1) , is one of the most popular tourist destinations in Italy. The Sirmione Peninsula extends for about 4 km into the lake and its shores are characterized by moderate slopes inhabited by diverse species of aquatic phanerogams. Communities of Phragmites australis (Cav.) Trin. ex Steud. subsp. australis can be found in less urbanized areas, while a variety of macrophytes colonise the substrates surrounding the peninsula. The most common species are Chara globularis Thuillier 1799, Vallisneria spiralis L., Lagarosiphon major (Ridl.) Moss, and several taxa of the Potamogeton genera. Overall, the dominant floristic contingent is composed by: Ceratophyllum demersum L., Elodea canadensis Michx., Groenlandia densa (L.) Fourr., Myriophyllum spicatum L., Najas marina L. subsp. marina, Potamogeton crispus L., P. pusillus L., and Ranunculus fluitans Lam. The water levels along the peninsula are influenced by the weather and by the regulation of the flow of the river Mincio. In the Sirmione area there are several small streams that enter the turbid waters in the coastal zone. A previous study by Giardino et al. (2007a) describes the cover trend of macrophyte meadows between 1997 and 2005.
Image processing
Hyperspectral airborne images were acquired with the whisk-broom scanner Multispectral Infrared and Visible Imaging Spectrometer (MIVIS). MIVIS works in 102 spectral channels, spanned from 0.43 mm to 12.68 mm, where four different spectrometers detect electromagnetic radiation. In particular, the first spectrometer, with 20 spectral channels from 430 nm to 830 nm, is important for water quality applications. With an instantaneous field of view of 2 m rad and operational flight heights between 1500 and 5000 m, the pixel dimension of MIVIS images ranges from 3 meters up to 10 meters (Cavazzini et al. 2000) .
Three MIVIS images of the study area were acquired on 16 September 1997, on 27 July 2005 and on 15 July 2010, all of them with a spatial resolution of 5¥5 m. We assume that the time difference in acquiring the images (in particular between the first image acquired at the end of the macrophyte development period and the following two images referred to midlate July) does not significantly affect the relevance of image comparison. Several authors, in fact, reported data that highlighted how July-August is the period of maximum rhizophyte biomass in temperate regions (Vis et al. 2003; Bolpagni et al. 2007) where usually plant senescence only starts at the end of September (Bolpagni et al. 2007; Pierobon et al. 2010) .
The maps of bottom depth and submerged macrophytes in the study area were produced as described by Giardino et al. (2007a) with procedures to correct for atmospheric effects and to invert a bio-optical model. In particular, MIVIS data were atmospherically corrected with the 6S code (Second Simulation of the Satellite Signal in the Solar Spectrum) (Vermote et al. 1997; Kotchenova et al. 2006; Kotchenova, and Vermote 2007) . The bio-optical model was parameterized with inherent optical properties. Bottom albedo values of lake Garda (Giardino et al. 2007a, b) , were inverted with an optimisation technique (Giardino et al. 2008) . For each date, images of bottom depth and the percentage of sand with respect to vegetation (or vice versa) were produced. Then, to support the ecological analysis of changes in macrophyte coloni- sation patterns, four classes of submerged vegetation distribution within the pixel (i.e., the density of the community) were mapped.
Fieldwork and Supporting Data
Macrophyte cover was estimated visually during the airborne acquisition from June to September 2005 and 2010 at 18 points located along six transects laid out perpendicular to the shore at the littoral belt (Fig. 1) ; that is, 60-80 meters from the starting point of the riparian survey sites. Transects are identified in order to cover local macrophyte vegetation variability, and to evaluate the accuracy of MIVIS over-flight. Dive data were collected using a 0.25 m 2 hoop randomly positioned above the macrophytic meadow. All plants presented in the hoop were collected and, once in the laboratory, gently washed to remove periphyton; afterwards, we calculated the cover-abundance values which are specific to the species. In order to address this issue, we used exclusively cover values at community level, ranked as sand (bare sediments devoid of plants), sparse (0-10% cover), moderate (10-40% cover), dense (40-70% cover) and extensive (>70%) macrophyte cover.
In spite of the coarse macrophyte cover estimation provided by this rapid assessment procedure, it seems to be a relatively quick and inexpensive technique for generating robust datasets at different geographical levels. The study of the diachronic evolution of macrophyte diversity was conducted on the basis of six distribution classes to describe the rarity or commonness of macrophytes in Lake Garda (Tab. 1).
No specific historical records are available for Lake Garda's flora. Despite that, we can highlight the main transformation processes in the diversity and relative abundance of plant species on the basis of data provided by Bianchini et al. (1974 ), Wiegleb (1983 , Borsani et al. (2000) , Ludovisi et al. (2004) , Bolpagni (2005, unpublished data) and this work. These data allowed for a general diachronic comparison of the hydrophytic contingent in the study area over the last 35 years, namely in the period of the major changes of the trophic status of Lake Garda as highlighted by Salmaso (2005 Salmaso ( , 2010 and Salmaso, and Mosello (2010) .
As regards physical and physicochemical data acquisition, water transparency was measured by means of a Secchi disk, dissolved oxygen was measured with the Winkler method while pH, conductivity and temperature were acquired with field probes; the water level was measured by a hydrometer located at the Sirmione castle gate. The data set was collected by the CRA (Centro di Rilevamento Ambientale) and ASL (Azienda Sanitaria Locale) Brescia Sirmione at different stations (Fig. 1) located 300 meters from the coastline in the period between April and October.
RESULTS
Physical and physicochemical data
The following description refers to the inter-annual evolution trends of physical and physicochemical features within the temporal limits of the macrophyte development phase (between April and October).
In the last 13-year period (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , the water transparency (WT) of the southern portion of Lake Garda featured three distinct phases: i) a highly variable initial phase (from 1995 to 2000) in which water transparency ranged between a peak of 8.8±1.1 m (1997) and a minimum value of 4.9±1.3 m (1997) (mean values±dev st) (Tab. 2, Fig. 2) ; ii) from 2001 to 2005, data reveal an overall mean stability of 6.0±0.4 m; iii) and a final phase characterized by moderately high values of about 7.0±0.3 m (Tab. 2). As regards water level fluctuations (WLF) (measured as the difference between maximum and minimum WL value), between 1995 and 2004, levels in Lake Garda were moderately stable with a inter-annual mean of 94±17 cm above hydrometric zero, whereas a dramatic reduction in the water level was highlighted in the three-year period 2005-2007 (53±19 cm above hydrometric zero); by contrast, the last three years (2008) (2009) (2010) were characterized by a considerable water level increase up to a mean value of 116±3 cm above hydrometric zero (Tab. 2).
The mean annual temperature (Tab. 3) has slightly increased over the last 13 years as suggested by regression statistics of the T mean values versus time (r 2 =0.32, slope >0, *P value=0.02); moreover over the same time period the standard deviation associated to mean annual temperatures significantly decreases meaning a reduction of variability of the intra-annual values. The same statistical analyses applied to minimum and maximum temperatures highlighted non significant trends over the years. No trend is also observed for the mean dissolved oxygen (P value=0.195 ) that ranges between a minimum of 95.7±1.6% in 2003 and a maximum of 115.4±2.4% in 2010. pH values were extremely homogeneous with an inter-annual global mean equal to 8.58±0.14 pH units, whereas conductivity (ranging between 310 and 213 mS A significant negative correlation (r= 0.62, *P value=0.010) was found between the mean values of WT and WLF. Moreover, the WLF showed a good agreement with the mean values of dissolved oxygen (r= 0.74, **P value=0.001) and pH (r=0.59, *P value=0.014). WLF delta was also positive correlated with the water temperature fluctuations (r=0.60, *P value=0.017).
Diachronic evolution of macrophyte diversity and abundance
Comparing floristic data available since 1974, it can be seen that there is a slight decrease in species diversity up to 2010 (20 vs 16 species), mainly in the southern porTab. 2. Physical features (mean±standard deviation) of the study area; water transparency (i.e., average values of Secchi Disk depth at 6 different sampling stations, cf. G1, C1, L1, S1, G2 and B1 in Fig. 1 ) and water level above the hydrometric zero (measured at station SC in Fig. 1) . Maximum (max), minimum (min) values and the range of variation delta Δ (i.e., difference between maximum and minimum data) are reported together with the number of measures (n). Rows highlighted in pale grey identify the years of airborne campaigns. *Data provided are referred to the period April to October that corresponds to the macrophyte stands development phases. Tab. 3. Physical-chemical features (mean±standard deviation, m±st. dev.) of the study area. Maximum (max), minimum (min) values and the range of variation measured as the difference between maximum and minimum data (Δ, delta) for four parameters are reported. Temperature, Oxygen and pH were collected in the same places and with the same frequency of WT data (cf. Tab. 2 and Fig. 1) ; conductivity was collected every 3 day at S1 station (cf. Fig. 1 ). Rows highlighted in pale grey identify the years of the airborne data. †data provided are referred to the period April to October that corresponds to the macrophyte stands development phases; *for 2000 and 2010 temperature values were measured exclusively at the Punta Staffalo Station by CRA. Tab. 4. Diachronic data of the presence and relative occurrence of macrophytes in Lake Garda; for abbreviations see Table 1 (studies specifically covering the littoral zone of the Sirmione Peninsula are highlighted in pale gray). tion of the basin (Tab. 4). Furthermore, the relative occurrence data show plant stand changes in greater detail. Several species have experienced a profound population decline among the pristine dominant taxon categories (Tab. 4). In particular, E. canadensis, G. densa and R. fluitans were no longer recorded in the last twenty years, at least in the southern portion of the basin (Ciutti et al. 2011) . By contrast, the relative abundance values of C. globularis, Potamogeton pectinatus L., P. perfoliatus L. and Vallisneria spiralis did not vary significantly during the period studied. These species constitute the main component of Lake Garda's submerged vegetation, although in the last 5 years a remarkable recovery of the following species Potamogeton crispus L., P. lucens L., P. pectinatus, Zannichellia palustris L. subsp. polycarpa (Nolte) K. Richt., and Ranunculus trichophyllus L. subsp. trichophyllus was observed in the pioneer stands.
Interannual macrophyte and sediment cover trends
Our data suggest huge modifications in terms of colonized areas and the structural complexity of submersed primary producer communities (Figs 3 and 4) . Since 1995, we have observed that almost 98% of extensive macrophyte meadows (including communities with density higher than 70%) have been lost and sub-sequently replaced by moderate to sparse communities with cover values of between 10% and 40%. By contrast, the uncolonized area showed an initially dramatic increase from 28% to 53% between 1997 and 2005 to then rapidly decrease in the following 5 years to 35% (between 2005 and 2010) (Fig. 4) .
In the period studied, also the bottom depths revealed variations that are not negligible in terms of plant colonization efficiency. On the whole, both relative maximum depths (ranging between 5 and 7 m) and minimum depths (ranging between 0 and 2 m) changed their plant colonization representativeness passing from ~5% to ~30% and from ~50% to 10% of the total area investigated, respectively; by contrast, plant colonized intermediate depths (ranging between 3 and 5 m) showed relative constancy during the investigation period (~20%) (Fig. 3) .
DISCUSSION
During the study period (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , data revealed a considerable loss in both relative macrophyte abundance (Tab. 4) and cover density (Fig. 3a) coupled with a progressive deepening of plant-colonized substrates in the littoral area of the Sirmione Peninsula (Figs 3b and 4) .
Overall, pristine well-developed submerged communities (dominated by a relatively rich group of species, including C. globularis, M. spicatum, P. perfoliatus, and V. spiralis were the dominant and the wide-spread taxa on a local scale) were thereafter replaced by destructured communities characterized by moderate to scarce cover-abundance values that are, on average, lower than 30% (Fig.  3b) . Otherwise, in the last 5 years (2005) (2006) (2007) (2008) (2009) (2010) submerged plant communities displayed exclusively slight differences in terms of dominant species with respect to the reference data (1974) , with the exception of a dramatic increase in cover-abundance values of L. major and the complete disappearance of E. canadensis and G. densa. At moderate depths (0-6 m) the dominant native species are often replaced by L. major which is able to adapt to freshwater ecosystems characterized by nonequilibrial steady conditions produced by stress and/or external perturbations (Shea, and Chesson 2002; Capers et al. 2007 ). Several studies have demonstrated, in fact, how competition is a minor driving factor in submerged plant communities with respect to stress and disturbance (i.e., waves, sediment re-suspension, water level fluctuations, grazing waterfowl, fish, boats and navigation impacts) (Jupp, and Spence 1977; Murphy, and Eaton 1983; Lodge 1991; McCreary 1991; Wilson, and Keddy 1991) . Integrative data concerning herbivorous aquatic birds (swans, wild ducks and coots) and fish assemblages and the number of catamarans operating in the Sirmione Peninsula area (as an indicator of the impact of recreation and tourism activities) were collected for the study period (data provided by Ebnitalia, Confortini I. Province of Verona and CRA Sirmione). Faunal data show a significant increase in winter bird numbers up to 2002 (26,579 individuals), which can reputedly be related to the collapse of submerged prairies and moderately more stable fish assemblages both in terms of species diversity and relative abundance. In particular, a huge progressive increase in the number of coots was observed: from 9000 to 25,900 individuals in the southern portion of Lake Garda between 1997 and 2002. As highlighted by Giardino et al. (2007a) , the daily frequency of catamarans increased significantly in the period investigated, suggesting a not-negligible role in the destructuring and the weakening processes that have affected the stability of the macrophyte communities.
By stratifying the investigated area on the basis of water depth (0-8 m below air-water interface) we highlighted a considerable shift of macrophyte mats towards greater water depths (Fig. 3b) . Moreover, as revealed by several authors both in lentic and lotic environments, the submerged macrophytes prevent and reduce the impact of the erosion and sediment re-suspension processes (James, and Barko 1990; Vermaat et al. 2000; Horppila, and Nurminen 2001; Riis, and Biggs 2003) . In this context, we argued that the revealed increase in mean plant-colonized depths could be considered an outcome of the gradual loss of vegetation cover that can in turn determine dramatic feedbacks on the condition of the aquatic plant mats itself.
On the other hand, over the last 13 years, Lake Garda has experienced rapid variations in WT and WLF, which and 2010 we observed a slight macrophyte recovery in terms of area colonized, although in 2010 most of the plant-colonized area featured very low density (<40%; Fig. 4) . On the whole, these findings correspond to those verified by several authors who clarified the ability of aquatic macrophytes to control WT levels (Kufel, and Kufel 2002; van Donk, and van de Bund 2002; Bracchini et al. 2009 ); furthermore Scheffer (1998) suggested the existence of a direct feedback system modeling the relations between turbidity and submerged vegetation. Therefore, the progressive loss of dense macrophyte stands is coupled with an increase in WLF, which, in turn, is strongly influenced by the steady decrease in the minimum water level (see Figs 2 and 4) . We suggest that the water table reductions could enhance the competitive effects of phyto-plankton on submerged vegetation favoring the displacement or the exclusion of phanerogams and charophytes in Lake Garda that could be considered as a trophic changing basin (Salmaso 1996; Salmaso, and Mosello 2010) . In fact, over the last 35 years Lake Garda clearly witnessed a worsening of the trophic condition with a significant increase in phosphorous content reaching a concentration peak in 2005 (Salmaso 2010; Salmaso, and Mosello 2010) . Consequently, significant modifications have affected the lake's phytoplankton community thus leading to periodic blooms of filamentous cyanobacteria, especially in the southern portion of the lake (for further information, see Salmaso 2005 Salmaso , 2010 .
CONCLUSIONS
In the study area, the loss of well-structured submerged vegetation is coupled with a clear increase in unvegetated or sparsely vegetated substrates. Our data showed that the southern portion of Lake Garda is losing its typical submerged macrophyte communities, which are being replaced by destructured stands, probably due to the decrease in WT and the increase in WLF. In addition, faunal data (especially winter water bird numbers), the rising nutrient content of waters and the increased impact of navigation, intense grazing, algal blooms and mechanical perturbations hindered the growth of phanerogames and charophytes, and favoured the development of dense coenoses such as elodeids (i.e., L. major) and epiphytic macroalgae (i.e., Spirogyra sp., Zygnema sp., and Mougeotia sp.) which are more demanding in terms of nutrient availability (Bornette, and Puijalon 2011) .
On the whole, this work has increased knowledge of macrophyte diversity and relative abundance in the southern portion of Lake Garda, focusing on the small timescale trends of the submerged prairies in the littoral zone of the Sirmione Peninsula. This kind of investigation allows us to recover and integrate bio-physical-chemical data sets (in particular long-term limnological studies) in the absence of mutual diachronic macrophyte surveys, with important repercussions on the conservation and the sustainable use of natural lacustrine resources. Furthermore, the results obtained from this work have allowed us to improve the performance of the bio-optical model which is a suitable tool for monitoring submerged vegetation. As it is parameterized now, the model is ready to be run in the future with new hyperspectral acquisition. These methods, based on remotely sensed data, provide reliable results, supported by ground truthing, cost effective and have implications for lake management.
